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Abstract: In membrane reactors, the interaction of reaction and membrane separation can 
be exploited to achieve a "process intensification", a key objective of sustainable 
development. In the present work, the properties that the membrane must have to obtain 
this result in a pervaporation reactor are analyzed and discussed. Then, the methods to 
enhance these properties are investigated for the photocatalytic synthesis of vanillin, which 
represents a case where the recovery from the reactor of vanillin by means of 
pervaporation while it is produced allows a substantial improvement of the yield, since its 
further oxidation is thus prevented. To this end, the phenomena that control the permeation 
of both vanillin and the reactant (ferulic acid) are analyzed, since they ultimately affect the 
performances of the membrane reactor. The results show that diffusion of the aromatic 
compounds takes place in the presence of low concentration gradients, so that the process 
is controlled by other phenomena, in particular by the equilibrium with the vapor at the 
membrane-permeate interface. On this basis, it is demonstrated that the performances are 
enhanced by increasing the membrane thickness and/or the temperature, whereas the pH 
begins to limit the process only at values higher than 6.5. 
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1. Introduction 

The techniques of production and/or separation of vanillin have been studied since its first 
utilization and production by the Totonac Indians [1]. The reasons of the importance of vanillin lie in 
the very special flavor of this aromatic aldehyde, which is appreciated on its own or in combination 
with other flavors. Furthermore, vanillin is also a powerful antioxidant with beneficial health effects. 
As a consequence, vanillin is widely utilized in several industries (food, cosmetic, nutraceutical, fine 
chemicals and pharmaceutical) for a world consumption of about 12,000 t/y [1-6]. 

At first, the investigation concerned only the curing methods of vanilla pods to enhance the formation 
of vanillin and the extraction procedures, but in the nineteenth century, the first isolation of vanillin 
from vanilla extract and the first chemical synthesis took place. It was the beginning of the industrial 
production of synthetic vanillin, whose share of the market has exceptionally risen since then. Currently, 
the natural production of vanillin is able to cover only a very small percentage (less than 1%) of the 
world demand, and the price of the vanillin produced from the pods of the tropical orchid {Vanilla 
planifolia or Vanilla tahitensis) is so high (about one hundred times the price of synthetic vanillin), 
that it is mainly utilized when there is the need to valorize the final product. On the other hand, the 
increasing consideration of consumers towards "green" and natural products [7-10] accelerated the 
research on alternative production methods. Among the possible solutions, the "natural" biosynthesis 
of vanillin [11-18] has been considered, and recently, also, a "green" photocatalytic synthesis has been 
proposed [19]. In these processes, the continuous recovery of vanillin directly from the reactor during 
its production, employing an "integrated" reaction-separation process, can significantly enhance the 
yield, so that a "process intensification" [20] is obtained. In fact, the removal of the aldehyde directly 
from the fermentation broth or from the reacting solution avoids any further degradation of the product 
in the reactor and any inhibition effect of vanillin on the reaction. To this aim, new separation processes 
must be considered, different from the ones (extraction by organic solvents, vacuum distillation and 
multi-stage recrystallization) that are traditionally utilized to extract vanillin from the vanilla pods or to 
purify the chemically synthesized or the natural product [6,21]. In fact, the operative conditions of the 
traditional methods of separation are not compatible with the mild conditions that must be adopted in 
the biochemical or in the photocatalytic processes. Under this aspect, membrane separation processes 
appear to be more appropriate, since they can operate at mild conditions. However, the membrane 
performances must be adequate to the special separation task, which is required in these "membrane 
reactors" for the production of vanillin. In particular, the membrane should be characterized by: (i) a 
sufficiently high flux, even at the relatively low vanillin concentrations that should be maintained in 
the reacting solution; (ii) satisfactory selectivity with respect to vanillin; and (iii) good rejection of the 
reactants. These qualities are often conflicting, and it is likely that very few systems can satisfy them. 
In fact, it is generally found that the permeation flux increases while the selectivity decreases. 
Furthermore, the precursors (substrates) that are utilized to produce vanillin are chemically similar to 
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the product, and therefore, it is expected that also most of the chemical and physical properties, which 
generally determine the separation, are similar, so that there are few chances to find at least one 
property that is sufficiently different to be exploited for the membrane separation. In the case of 
vanillin, the attention of the researches has been mainly focused on pervaporation (PV), which looks to 
be a promising process to meet the previous requirements. Boddeker and coworkers [22-24] demonstrated 
that membranes in polyether-block-amide (PEBA) are very suitable for pervaporating low volatility 
aromatics [22] and, in particular, vanillin [24]. Brazinha et al. [25] analyzed the pervaporation of vanillin 
and ferulic acid with polyoctylmethylsiloxane (POMS) membranes, giving an explanation to the high 
separation factor of vanillin with respect to ferulic acid. Even if these pervaporation studies are 
finalized to the biosynthesis of vanillin, the adopted concentrations of vanillin are higher than those 
that should be reached in a membrane reactor to obtain the aforementioned advantages. 
Camera-Roda et al. [26] demonstrated that the yield of the production of aromatic aldehydes and, 
specifically, of vanillin [27] can be enhanced by the coupling of pervaporation with the photocatalytic 
reaction in the AROMA (Advanced Recovery and Oxidation Method for Aldehydes) process [28]. 

The aim of the present work is twofold: (i) to quantify by process simulation the effect of the 
enrichment factors and of the permeate flux on the yield in a PVR (pervaporation reactor), where 
vanillin is produced from ferulic acid; and (ii) to investigate the methods to enhance these pervaporation 
performances (enrichment factors and permeate flux) on the basis of the results obtained by process 
simulation. A pervaporation photocatalytic reactor [29,30] will be considered, since most of the drawn 
conclusions can be extended also to other pervaporation reactors, such as pervaporation bioreactors. 

2. Materials and Methods 

2.1. Experimental 

Vanillin and trans-ferulic acid were purchased from Sigma-Aldrich (Saint Louis, MO, USA) with a 
purity >99%. 

Commercial T1O2 Merck (100% anatase, Darmstadt, Germany) was used as the photocatalyst in a 
slurry suspension for the photocatalytic synthesis of vanillin using ferulic acid as the substrate. 

The reacting solution was prepared by dissolving ferulic acid in deionized water at 60 °C and 
stirring for 30 min; then, Merck Ti02 powders were suspended in this solution and ultrasonicated for 
15 min just before the experiments with the slurry photocatalytic reactor. 

Figure 1 illustrates the scheme of the apparatus. The fluid passes through an annular photocatalytic 
reactor and a pervaporation cell, where the permeate is separated into a pervaporate and a retentate. 
This latter enters a flask before being recycled by a peristaltic pump to the reactor. The flask and the 
pervaporation cell are thermostated. The pervaporation cell is immersed in a thermostated bath, and the 
tube connecting the pervaporation module to the condensation system is electrically heated to prevent 
condensation. The permeated vapors are finally condensed in a liquid nitrogen trap. The pressure of 
the permeate is kept at approximately 2-3 mbar with the aid of a vacuum pump. 
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Figure 1. Schematic representation of the experimental apparatus. 
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Pervaporation (without photocatalysis) experiments were carried out with the same apparatus, 
simply by-passing the photocatalytic reactor from the recycle loop. 

The tubes are in polytetrafluoroethylene and in Masterflex Chem-Durance® (for the peristaltic 
pump, Vernon Hills, IL, USA) to avoid the adsorption of the organic compounds. 

On the axis of the reactor, a linear fluorescent black light lamp (Philips 8W TL/08, Eindhoven, the 
Netherlands) emits UVA radiation from 350 to 400 nm. The glass walls in Pyrex minimize the 
absorption of the UVA radiation. 

In the pervaporation cell, the flow between two parallel disks spaced 2 mm apart is radial from the 
center, with a flow rate of 70 L/h and an average velocity tangential to the membrane of 17.3 cm/s. 
The diameter of the part of the membrane exposed to the liquid is 7.45 cm for a permeating surface 
area of 43.6 cm 2 . 

Additional details of the experimental apparatus and the analytical methods can be found in [27]. 

The preparation of the utilized membranes starts by dissolving overnight at 65 °C PEBAX® 2533 
(polyether block amide by Arkema) in n-butyl alcohol and isopropyl alcohol (PEBAX 8.5 wt %, n-butyl 
alcohol 23.0 wt %, isopropyl alcohol 68.5 wt %). 

Then, a known volume of PEBAX solution is poured onto a Petri dish. The dish is put in a slightly 
ventilated oven, and it is horizontally levelled. In the oven, the solvents evaporate for one day at 70 °C. 
The detachment of the membrane from the Petri dish is facilitated by immersion of the dish with the 
membrane in deionized water for 4 h. The membrane is cut to obtain a circular membrane of a 
diameter of 9.5 cm. The membrane is then inspected under an optical microscope at five times 
magnification to detect possible defects (holes or thinner regions). Its thickness is measured in about 
twelve evenly distributed points by a Mitutoyo Digimatic 323-250 jam. Membranes with one defect or 
with an uneven thickness, that is, with just one point with a thickness differing more than ±15% with 
respect to the mean value, are discarded. 
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The final thickness of the dry membrane can be tuned by changing the quantity of the PEBAX 
solution poured onto the dish. For instance, 13 mL of the solution has been used to obtain a 
60 um-thick membrane on a Petri dish with a 14.2 cm diameter. 

2.2. Process Simulation 

In order to assess the importance of the separation properties in a PVR, the effects of the flux and of 
the enrichment factors on the yield of the integrated continuous process have been investigated by 
process simulation, a well-established method, which is widely used to this aim. 

The layout adopted in the present process simulation is shown in Figure 2. The integration of 
photocatalysis with membrane separation is achieved using separate units, thanks to the recycle loop, 
which gives the necessary back mixing from the membrane separation unit to the reactor, so that 
photocatalysis and pervaporation actually operate on the same solution [30]. The fluid passes through 
the reaction unit and the PV unit, which separates a permeate (Stream 3) from a retentate (Stream 4). 
The retentate is divided by a splitter into two streams, one of which is recycled to the reactor (Stream 5), 
while the other one is purged (Stream 6); then, a mixer merges Streams 0 and 5 into Stream 1. The 
recycle ratio, R, is here defined as the flow rate of Stream 5 to the flow rate of Stream 2. An important 
advantage deriving from the adoption of separate units is a larger degree of freedom [31], which 
ultimately provides the possibility of optimizing a larger number of parameters and, consequently, 
obtaining a more important process intensification. 

Figure 2. Scheme of the integrated photocatalysis-pervaporation (PV) continuous process. 



In the complex chemically reacting system, only the reactions that affect the yield of vanillin will be 
considered for the present investigation. 
The simplified set of reactions is: 

S— »P Reaction 1, which produces the desired product P (vanillin) from the substrate, S (ferulic 
acid), by photocatalytic partial oxidation with a reaction rate R l =k { C s ; 

S— »B Reaction 2, which, in parallel, produces the unwanted Product B with a reaction rate 



P— >C Reaction 3, which degrades vanillin by a further oxidation with a reaction rate R 3 =k 3 C p . 

Because of the relatively low concentration of the reactants, a first order can be assumed for all the 
photocatalytic reactions in the system [32]. In the reacting solution, the parallel reactions, which 
involve S as the reactant, are more than one, but since the study is limited to vanillin production, the 
parallel reactions different from Reaction 1 can be lumped into only one pseudo Reaction 2, with an 
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overall reaction rate given by the sums of the rates of the parallel reactions. Furthermore, the other 
consecutive reactions, which do not involve vanillin, can be ignored. 

For each unit in the scheme (mixer, reactor, pervaporation unit and splitter), the steady-state 
material balances together with the relevant relationships, which describe physical and chemical 
phenomena, have been considered and solved. The resulting system of non-linear algebraic equations 
can be found in [33]. It is solved iteratively with the successive substitutions method or, in some cases, 
with the Newton-Raphson method. The yield in vanillin can then be computed as yield: 

Molar rate of production of P h P3 + n P6 - n P0 

n = = 

Molar feed rate of S h so 

where h tj is the molar rate of the chemical species i (i = S, P) in stream j. 

The dimensionless parameters, which are obtained by the dimensional analysis of the set of the 
governing equations, are listed below. 

The following is a list of the dimensionless parameters: 

• the ratios, Ri = kilk\ and R3 = h/fa, between kinetic constants; 

• the enrichment factors of the membrane, Ps = C^permeate/Cs and (3 P = Cj= P ermeate/C/> , where Q is the 
concentration of the permeating compound upstream of the membrane and Q pe rmeate is the 
concentration in the condensed permeate; 

V 

• the recycle ratio, R = (0 < R < 1), of the flow rate of Stream 5 to the flow rate of Stream 2; 

^2 

V 

• the Damkohler number, Da = k x -r- , where V r is the volume of the reactor and V 0 is the 

^0 

volumetric flow rate of stream 0; 

V V 

• the Peclet number, Pe = Q - — = -4- , where A is the membrane area, p is the density of the 

A m /p V 3 

condensed permeate and m is the total mass flux of the permeate through the membrane. The 
present definition of the Peclet number is consistent with the one commonly adopted in 
membrane reactors (see, e.g., [34,35]), with Pe representing the ratio of the convective transport 
to the permeation rate through the membrane. The highest allowable value of the reciprocal of 
Pe, \IPe, is 1, and it is reached when the membrane area is so high as to attain a flow rate of the 
permeate that equals the flow rate of the fresh feed to the system ( V 3 = V 0 and V 6 - 0 ), while the 

lowest value is 0, which represents the case of a photocatalytic reactor without pervaporation 
(F 6 =F 0 andF 3 =0). 

It is apparent that, for a given reacting system with the given kinetics and properties of the 
membrane, the Damkohler number and the reciprocal of the Peclet number, \IPe, are proportional to 
the volume of the reactor and to the membrane area, respectively. Furthermore, from the present 
definition of the Peclet number, it follows that, if the permeate flux is enhanced, a lower membrane 
area is sufficient to achieve a certain value of \IPe, or alternatively, a higher value of l/Pe is obtained 
for a given membrane area. 
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Kinetic constants and membrane properties (flux and enrichment factors) have been obtained 
experimentally by Camera-Roda et al. [27]. The resulting values of the relevant parameters are 
(see [27]): R 2 = 6.8, i? 3 = 8.7, (3s = 0.005 and (3 P = 4.2. Even if these values can be varied to some 
extent by changing the operating conditions or the preparative conditions of the membrane, they will 
be used as reference values in the process simulation, unless otherwise indicated. 

Given that i? 3 , the ratio of the characteristic rate of degradation of vanillin (Reaction 3) to the one of 
production (Reaction 1), is much higher than 1; then, it is highly advisable to recover the desired 
product directly from the reacting solution [36]. The enrichment factor of S is much less than 1, 
indicating that its rejection is close to 1, and the losses of S in the permeate stream are small. 

In the photocatalytic reacting system, vanillin is an intermediate valuable compound of reactions in 
series, so that its concentration reaches a maximum at an optimal residence time [36], which corresponds 
to an optimal value of Da. 

An increase of the recycle ratio, R, increases the effectiveness of the integration of reaction with 
pervaporation, with positive effects on the yield [30,33], but increases also the degree of backmixing, 
with negative effects on the yield of an intermediate product [36], such as vanillin. Consequently, an 
optimal value must be expected also for R. This means that the yield is maximized for an optimal 
couple of values of both Da and R. 

3. Results and Discussion 

3.1. Results Obtained by the Process Simulation 

The investigation is carried out by taking into consideration the maximum achievable yield, n max , 
which is obtained in the different cases at relevant optimal values of R and Da. 

Figure 3 shows the maximum yield and the associated optimal Damkohler number versus the 
reciprocal of the Peclet number, \IPe, with and without the coupling with the pervaporation unit. 
Thanks to the coupling, the process is "intensified", and r) max (obtained at l/Pe =1) becomes equal to 
0.1 19, which represents a 168% increase in comparison with the maximum value that can be obtained 
without pervaporation (n max = 0.0446). It is apparent that: (i) the yield increases with \IPe, that is, with 
the available membrane area; and (ii) a minimum value of the membrane area must be exceeded to get 
an increase of the yield. 

In the hypothesis that it might be possible to increase the separation capabilities of the pervaporation 
process, it is interesting to preliminarily investigate how the membrane properties could affect the 
performances of the integrated process. 

In Figure 4, the yield and the optimal value of Da versus the reciprocal of Pe are presented for the 
reference value (Pp = 4.2) and for a membrane with an enrichment factor of vanillin (3 P = 16. At Pe = 1, 
only a slight enhancement of the yield is obtained; in fact, the maximum yield passes from 0.1 194 for 
Pp = 4.2 to 0.1235 for [3p = 16 with a small 3.5% increase, but it is evident that the enhancement is 
more important at intermediate values of l/Pe. From another point of view, an improvement of the 
enrichment factor of vanillin provides a significant savings in membrane area to get a given yield. For 
instance, if the target is to get an 8% yield, when (3 P = 4.2, the membrane area is 64% larger than the 
one necessary when (3 P = 16, since concurrently, \IPe decreases from 0.781 to 0.476. 
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Figure 3. The maximum yield at the optimal Damkohler number vs. the reciprocal of the 
Peclet number in the integrated photocatalysis-pervaporation process and without 
pervaporation. (3 S = 0.005, (3 P = 4.2. Pe, Peclet number. 
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Figure 4. The maximum yield at the optimal Damkohler number vs. the reciprocal of the 
Peclet number in the integrated photocatalysis-pervaporation process for p P = 4.2 and 
p P = 16, p s = 0.005. 
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Figure 5 shows the effect of a change of the enrichment factor of the reactant (ferulic acid) 
from 0.005 to one on the achievable yield. 

The rejection, Rs, of S by the membrane is directly related to the enrichment factor, since 
Rs = 1 _ Ps [37]. A high rejection of the reactant is advantageous, since it reduces the losses of the 
reactant in the permeate. The results in Figure 5 show that the achievable yield is severely affected by 
a low rejection of S, in particular, at high values of \IPe, that is, at large values of the membrane area. 
Furthermore, when the rejection is low, the yield is maximized at very large values of the Damkohler 
number, so that large volumes of the reactor are needed. 
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Figure 5. The maximum yield at the optimal Damkohler number vs. the reciprocal of the 
Peclet number in the integrated photocatalysis-pervaporation process for p s = 0.005, 
ps = 0.5and p s = !,&. = 4.2. 
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In summary, process simulation shows why it is important to choose or to develop membranes that 
selectively permeate the product (Pp » 1), but also retain the reactant (Ps « 1)- This requirement 
implies that it is not sufficient that the membrane be able to selectively separate P from S. In parallel, a 
relatively high vanillin permeate flux should be pursued, since it allows one to operate at higher values 
of l/Pe, even with a limited membrane area. In the following section, some methods to improve these 
membrane properties are analyzed. 

3.2. Improvement of the Pervaporation Performances ofPEBA Membranes 

Primarily, it is necessary to determine the factors that affect the membrane properties, whose importance 
has been established in the previous section. Valuable indications can be obtained from previous 
studies. Indeed, the pervaporation of aqueous solutions containing vanillin, its precursor and possibly 
other products of the reaction have already been studied through PEBA [24,27] and POMS [25] 
membranes. Some interesting behaviors were observed, such as a relative independence of the vanillin 
flux on the membrane thickness, /, whereas the water flux significantly decreases with /, and an 
exponential increase of the vanillin flux with temperature. Furthermore, Brazinha et al. [25] suggested 
that pH plays an important role in limiting the permeation of the reactant and of vanillic acid, which is 
a by-product of the reacting system. 

On this basis, it is expected that the membrane thickness, the temperature and the pH could 
influence the fluxes and the enrichment factors, and for this reason, their effects are here investigated. 

Figure 6 shows the dependence of the fluxes of vanillin and water on the membrane thickness, /. 
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Figure 6. Water and vanillin fluxes vs. the thickness, /, of the membrane. T = 60 °C, 
permeate pressure = 2 mbar, feed concentration of vanillin = 420 ppm. 
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The percentage decrease of the vanillin flux is much less than the one of the water flux, in particular 
when the membrane thickness is increased from 50 to 330 jam. The water flux follows the typical 
proportionality with f , which is predicted by the solution-diffusion model [38]. As a consequence, it 
is possible to increase the enrichment factor of vanillin, without significantly affecting its flux, simply 
by increasing the membrane thickness. In fact, the enrichment factor passes from approximately 3.1 
when / = 60 jam to about 10.8 when / = 330 \im. It must be pointed out that the same behavior was 
observed also by Boddeker [24]. A possible explanation is that the resistance to the vanillin transport 
through the membrane is so low that it limits the permeation only slightly, even in the presence of 
relatively thick membranes. If this hypothesis is true, the driving force, which is given by the 
difference of the partial pressure of vanillin between the feed and the permeate, would be small. This 
occurrence can be verified from experimental data. 

In an experiment carried out permeating a 1000 ppm (x van = 1.18 x 10~ 4 ) aqueous solution of 
vanillin with a 60 jam-thick membrane at 60 °C and at a permeate pressure of 2 mbar, the measured 
vanillin mole fraction in the vapor permeate was y vw = 3 x 10~ 4 . Therefore, the partial pressure of 
vanillin at the permeate side is Pva^permeate = 2 x 3 x 10~ 4 = 6 x 10~ 4 mbar. 

The partial pressure of vanillin at the feed side can be evaluated as P van feed = P mn xj van xx van , where 

Kan i s m e vapor pressure of vanillin and y va n is the activity coefficient of vanillin. 

Values of the vapor pressure of vanillin at temperatures ranging from 0 °C to 20 °C have been 
obtained from the composition at 2 mbar of the vapor permeate containing water and vanillin in 
equilibrium, with pure vanillin crystals deposited at these temperatures. Then, the value of the vapor 
pressure at 60 °C has been estimated by extrapolating these data by the Antoine equation, which 
was shown to reproduce the experimental results very accurately. The calculated vapor pressure is 
P* m (6Q°C) = 0.1105 mbar. The activity coefficient, computed with the UNIFAC group contribution 
method, is J vm = 47.18 at T= 60 °C andx van = 1.18 x 10" 4 . 
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Therefore, the partial pressure at the feed side is P vanJeeA = 0.1105 x 47.18 x 1.18 x 10~ 4 = 
6.17 x 10~ 4 mbar and the driving force is ^ va n,feed _ ^van,penneate = 0-^ x 10~ 4 mbar, which is indeed a very 
low value, even taking into account the uncertainty of the evaluation of the activity coefficient and of the 
vapor pressure. This outcome indicates that pervaporation of vanillin takes place in the presence of a 
small gradient of concentration of vanillin, and this is in accordance with the results presented by 
Boddeker et al. [22] for the "pervaporation of low volatility aromatics from water" with PEBA 
membranes. Furthermore, the diffusion coefficient of vanillin in these PEBA membranes has been 
estimated as9 x 10 m/sina dialysis experiment similar to the one described in [39]. This value is 
at least one order of magnitude higher than the diffusivity of phenol in PEBA estimated by 
Boddeker et al. [23], and for the experimentally observed fluxes in pervaporation, it is absolutely 
compatible with an almost flat vanillin concentration profile inside the membrane. The high diffusivity 
of vanillin confirms that mass transfer in the membrane has only a minor role in the control of vanillin 
permeation and that it is possible to increase the membrane thickness in order to enhance the 
enrichment factor without severely affecting the vanillin flux. Besides, the concurrent decrease of the 
water flux determines a savings of the energy required to evaporate water at the permeate side and, 
possibly, an easier purification of vanillin from the more enriched permeate. 

The effects of the temperature on the vanillin and water fluxes are shown in Figure 7. 

Figure 7. Water and vanillin fluxes vs. the pervaporation temperature. Feed concentration 
of vanillin = 420 ppm, permeate pressure = 2 mbar, / = 70 um. 




1 T°C I 

The activation energy for the vanillin flux (E van = 58.6 kJ/mol) is higher than the one of water 
(£water = 31.7 kJ/mol). Hence, both the vanillin flux and the enrichment factor of vanillin increase with 
the temperature. By the way, the variation of the vanillin flux with the temperature is very similar to 
the variation with the temperature of the vanillin vapor pressure, thus suggesting that the equilibrium 
of vanillin at the interface between the membrane phase and the permeate vapor is limiting the 
permeation of vanillin. It is worth noting that photocatalytic pervaporation reactors can tolerate 
relatively high temperatures better than pervaporation bioreactors [30,40]. 
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As previously mentioned, the possible importance of the pH in the separation of vanillin from the 
reactant and the by-products by pervaporation was hypothesized by Brazinha et al. [25]. They observed 
that in POMS membranes at the usual pH (pH ~ 7.2), which holds in the fermentation broths for the 
bioproduction of vanillin, the fluxes of the substrate (ferulic acid) and of vanillic acid (a by-product) 
are almost negligible, whereas the vanillin permeates to some extent. They suggested that the rejection 
could be due to the complete dissociation of ferulic acid and vanillic acid, whose pK a is around 4.5. As 
charged species, they are not volatile; so, the evaporation is inhibited and, consequently, the 
permeation is very limited. On the contrary, at pH = 7.2, vanillin, thanks to the higher value of the pK a 
(pK a ~ 7.78), is only partially dissociated, so it can permeate. 

This hypothesis can be checked in the photocatalytic synthesis of vanillin from ferulic acid. Firstly, 
the permeation and the rejection of the membrane towards vanillin, ferulic acid and vanillic acid in 
PEBA membranes is assessed by examining the HPLC chromatograms of the feed and of the permeate, 
which are shown in Figure 8. It must be observed that in the reacting mixture, many other by-products 
are present, such as vanillylmandelic acid, homovanillic acid, caffeic acid and 4-vynil guaiacol. 

Figure 8. HPLC chromatograms: (a) pervaporation feed (a photocatalytic reacting solution 
after two hours of reaction); (b) permeate of the same solution. VMA, Vanillylmandelic 
acid; HVA, homovanillic acid; VAC, vanillic acid; CAC, caffeic acid; CFA, cis-ferulic 
acid; TFA, trans-ferulic acid; 4VG, 4-vynil guaiacol. The other peaks are unknown. 
T= 60 °C, permeate pressure = 2 mbar, / = 40 um, pH = 5.5. 




Despite the very large number of peaks that are present in the feed, only a higher vanillin peak, an 
almost vanishing trans-ferulic acid (TFA) peak and a much higher 4-vynil guaiacol (4VG) peak appear 
in the permeate. This means that the membrane is able to retain with a very high rejection almost all 
the compounds, except vanillin and 4VG, which, on the contrary, are enriched in the permeate. For 
instance, vanillin concentration in the condensed permeate (15.8 ppm) is about 4.3 times higher than in 
the reacting solution (3.7 ppm). 

To verify the effect of the pH on the permeation and the rejection of vanillin and ferulic acid, 
pervaporation experiments of solutions containing vanillin and trans-ferulic acid were carried out at 
four different values of pH: pH = 3 with both vanillin and TFA totally undissociated; pH = 4.5 with 
vanillin totally undissociated and TFA partially dissociated; pH = 7.9 with vanillin partially 
dissociated and ferulic acid completely dissociated; and pH = 10.3 with both vanillin and TFA 
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completely dissociated. The values of the undissociated fractions of vanillin and ferulic acid versus pH 
can be easily computed from their pKa values using the Henderson-Hasselbalch equation. The relevant 
curves thus obtained are shown in Figure 9. 

Figure 9. Undissociated fractions of vanillin and ferulic acid in aqueous solution vs. pH. 
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The results of the pervaporation experiments at different pH values are summarized in Table 1 . 



Table 1. The flux of vanillin (Van) and trans-ferulic acid (TFA) at different values of pH. 
Temperature = 60 °C, permeate pressure = 2 mbar, 5 = 60 um. 



pH 



3 

4.5 
7.9 
10.3 



Feed concentrations 



PPm 



609 Van + 777 TFA 
600 Van + 388 TFA 
540 Van + 660 TFA 
609 Van + 774 TFA 



Flux vanillin 



g/(h m z ) 



0.64 
0.64 
0.28 
0.01 



Flux TFA 



g/(h m 2 ) 



2.74 x 10" 
4.50 x 10" 
3.20 x 10 
1.63 x 10 



-4 



-4 



These experimental results show that: 

• the flux of vanillin does not change as long as it is totally undissociated (pH = 3 and pH = 4.5); 

• the flux of vanillin is reduced to a certain degree when it is partly dissociated (pH = 7.9); 

• the flux of vanillin is drastically reduced when it is dissociated (pH = 10.3); 

• the higher the pH (or the higher the dissociated fraction of TFA), the lower the permeate flux 
of TFA; 

• when TFA is totally undissociated, its flux is highly enhanced (at pH = 3, the flux is one order of 
magnitude higher than at pH = 10.3), but it still remains absolutely negligible. 
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As expected, the dissociation affects the permeation, but as a matter of fact, it has a minor practical 
effect on the obtainable performances in the pervaporation reactor. In fact, the permeation of vanillin 
can be limited by the dissociation only when the dissociation is significant, in other words, at relatively 
high values of pH, and the permeation of the ferulic acid is very low, even when it is completely 
undissociated. With regard to the necessity of avoiding the dissociation of vanillin, it should be 
advisable not to exceed pH 6.5, to be sure that the dissociated fraction of vanillin is negligible. Indeed, 
the presence of a dissociated fraction of vanillin hinders, to some extent, the rate of permeation, since 
it reduces the driving force for the permeation of the undissociated fraction, albeit the dissociated form 
is continuously transformed into the undissociated form, due to the continuous recovery of this latter 
by pervaporation [25]. In this respect, the photocatalytic synthesis of vanillin is more suitable to work 
at low pH than the biotechnological processes. 

Taking into consideration the previous observations, it is clear that other phenomena, different from 
the dissociation of the compounds in aqueous solution, should actually limit the permeation of ferulic 
acid. It is very likely that the volatility of the permeating species, even when undissociated, plays a 
fundamental role in the pervaporation of these "low volatility" compounds. Even if the volatility of 
vanillin is relatively low, however, it is much higher than the one of TFA. For instance, at 25 °C, the 
vapor pressure of vanillin (2.2 x 10~ 3 mbar) is nearly three orders of magnitude higher than the one of 
TFA (3.6 x 10~ 6 mbar), and the boiling point of vanillin (285 °C) is much lower than the one of TFA 
(372 °C). Most of the by-products have a volatility lower than the one of vanillin, as is confirmed by 
their boiling points, which are well beyond the boiling point of vanillin: 421 °C for vanillylmandelic 
acid, 368.7 °C for homovanillic acid, 353.4 °C for vanillic acid and 366 °C for caffeic acid. Therefore, 
these compounds can possibly diffuse through the membrane, but they cannot pass into the permeate 
vapors, since their evaporation is very limited by the equilibrium at the membrane-permeate interface. 
On the contrary, 4-vynil guaiacol is more volatile than vanillin, as its boiling point (224 °C) is lower 
than 285 °C and its pKa is high (pKa ~ 10). Consequently, its concentration in the permeate is 
significant, even when only traces are present in the feed (see the chromatograms in Figure 8). 

In order to eliminate the possible limitation caused by the evaporation at the membrane -permeate 
interface, some experiments with the same dense PEBA membranes have been carried out in a dialysis 
process, where, also, the permeate is a liquid aqueous solution, so that permeation can take place 
without the evaporation of the permeate. The preliminary results show that an almost tenfold increase 
of the vanillin flux is observed with respect to the one obtained in pervaporation under similar operating 
conditions, and the permeability of ferulic acid and of the other by-products becomes comparable to 
the permeability of vanillin. These latter outcomes confirm that: (i) all these aromatic compounds can 
easily diffuse through the membrane; (ii) the low volatility of the higher boiling point compounds is 
the cause of their high retention in pervaporation; and (iii) in pervaporation, the permeation of vanillin 
is somehow limited by its relatively low volatility. 

4. Conclusions 

Vanillin is an intermediate compound of consecutive reactions, whose production can be highly 
enhanced in a pervaporation reactor, where pervaporation recovers vanillin directly from the reacting 
solution, thus avoiding any further degradation. In order to accomplish this task, it has been demonstrated 
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by process simulation that the main requisites are: (i) a high enrichment factor of vanillin, whose main 
effects are an enhancement of the yield and/or a reduction of the required membrane area; (ii) a high 
rejection of the reacting substrate (ferulic acid), whose main effects are an enhancement of the conversion 
and a reduction of the required volume of the reactor; and (iii) a relatively high flux of vanillin, whose 
main effects are a reduction of the required membrane area to get a given yield or an increase of the 
yield if the membrane area is kept constant. PEBA-dense membranes appear suitable to be used in 
pervaporation reactors, where vanillin is being produced. The study of the vanillin pervaporation with 
PEBA membranes shows that a viable method to enhance the enrichment factor of vanillin is to 
increase the membrane thickness, since the resistance to vanillin permeation remains low while the 
resistance to water permeation increases. An improvement of the enrichment factor can be obtained 
also by raising the temperature, with the additional positive effect of increasing the vanillin flux. Finally, 
the real reason for the very high rejection of the substrate (ferulic acid) and of most of the by-products 
is the low volatility of these compounds. The pH has a minor influence on the rejection of the 
substrate, which remains high also at low pH, when the substrate in solution is not dissociated. 
Conversely, the permeation of vanillin is affected by pH. In fact, permeation of vanillin is relatively 
high if vanillin is not dissociated (pH < 6.5), but it decreases at pH = 7.9 when vanillin is partially 
dissociated and becomes particularly low when vanillin is completely dissociated at pH = 10.3. 
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